We report on the development of evaporative fluorocarbon cooling recirculators and their control systems for the ATLAS inner silicon tracker.
Following our earlier studies of evaporative cooling of ATLAS pixel and SCT thermo-structures [ 1, 2] , we have addressed the development of evaporative fluorocarbon recirculators, their control systems and services plant for use with C3Fx at an evaporation temperature (pressure) of --25"C (-1.7 barabs). A prototype circulator (Figure 1 ) is centred on a hermetic, oil-less piston compressor' operating at an aspiration pressure of -1 barabs and an output pressure of -10 barabs. 
I. INTRODUCTION
For a ten-year operational lifetime in the high radiation field close to the LHC beams, the silicon substrates of the ATLAS SCT (silicon micro-strip) and pixel detectors must operate below --6"C, with only short warm-up periods each year for maintenance. Around 60kW of heat will be removed through -400 parallel cooling circuits. Evaporative fluorocarbon cooling has been chosen since it offers minimal extra material in the tracker sensitive volume, with refrigerants [in this work, per-fluoro-n-propane; (C3F8)'] that are non-flammable, nonconductive and radiation resistant (section V). The refrigerative power depends on the product of mass flow rate (kgs-l) and enthalpy (Jkg-I). Since typical enthalpies are in the range 50-100kJkg-I (depending on liquid sub-cooling), liquid flow rates of -10-20 gs-lkW-' are typical. These flows are less than -1/20 those typical in mono-phase liquid cooling systems, and allow reduced fluid service (%Xo) overhead close to the detector. The arrival temperature of liquid at the capillary also determines the available enthalpy. As an example in Figure 2 , -100kJkg-I (AB) is available with evaporation at -20°C with C3F8 sub-cooled to -17°C.
The higher the pressure available upstream of the capillary, the wider the proportional range of flow through it to accommodate circuit heat load variation (e.g. varying numbers of powered silicon detector modules); the zero flow limit being set by the saturated liquid pressure, PsL. Since the maximum available pressure is delimited by the condenser pressure, reduction of the liquid arrival temperature (i.e. increased sub-cooling) tracks the saturated liquid locus to lower pressure (F-+A) and increases the linear flow range (APLINEAR FLOW). Maximum enthalpy is possible when the liquid is sub-cooled to the evaporation temperature. For these reasons, the prototype recirculator of Figure 1 was equipped with variable temperature sub-cooling, (coolant tubes accompanied the C3F8 liquid supply tube in the same insulated bundle), and with DAC-control of the liquid pressure upstream of the capillary.
The supply and return tubing of the cooling circuits must traverse the electrical services of other ATLAS sub-detectors, which will be mainly located in an ambient air atmosphere with dew point -14°C. These lines must therefore be insulated (and may require local surface heating in critical locations), to prevent condensation. Space for service passages is extremely limited, so efforts have been made to minimise insulation thickness by ensuring that as much as possible (>go%) of the supplied C3F8 liquid is evaporated in the ondetector tubing, through flow regulation proportional to circuit load. These studies are discussed in section 1II.B.
In the final installation, liquid will be distributed, and vapor collected from -400 circuits by fluid manifolds on the ATLAS service platforms. This zone will inaccessible to personnel during LHC running. with local radiation levels and magnetic fields that exceed acceptable levels for a wide range of commercial control electronics. Local regulation devices will be mechanical; piloted with analog compressed air from electropneumatic ("E2P") actuators situated in an accessible zone. Figure 3 illustrates the two-stage electropneumatic implementation tested in the prototype recirculator. Flow rate is proportional to the output pressure of a "domeloaded" pressure regulato? piloted by air in the range 1-10 barabs from an E 2 P actuator', which receives an analog set point from a DAC'. Circuit boiling pressure (hence operating temperature: e.g. at 1.9 barabs, C3F8 evaporates at -20°C) is controlled by a similarly piloted dome-loaded backpressure regulator'. In the final installation, the operating temperature of each parallel cooling circuit will be selectable through choice of evaporation pressure. Such individual control is impossible in a parallel-channel liquid cooling system with a single liquid supply temperature.
DATA ACQUISITION AND CONTROL SYSTEM ELECTRONICS

A. Data Acquisition
Temperature, pressure and flow measurements in the circulation system, and on prototype SCT and pixel thermostructures under test, are made using prototypes of the standard I/O system of the ATLAS DCS ("Detector Control Figure 4 shows a typical on line display of temperatures on the 22 SCT module thermo-structure used as a load in these tests, together with system flows and pressares and the module interlock status bit pattern (square irrdimtow).
B. Hard-wired Thermal Interlocks I ) General
In the final installation, a hard-wired thermal interlock system will automatically cut power to individual silicon pixel [7] and micro-strip modules if their temperatures exceed safe values for uny reason. Cases include latch-up, de-lamination of a particular module from its cooling channel or failure of coolant flow to a particular parallel cooling circuit. In some of these studies (III,B.I), the counted number of module "POWER OK' status bits was used to proportionally vary the flow rate of coolant to the circuit 2) As in the final experiment, the temperature Sensors, which act as inputs to the I-Boxes, are mounted on the detector substrates. High radiation tolerance is required of these devices. The constraint of two-wire readout over cable lengths of up to 4Om predicates relatively high resistance and large AclRIR per Kelvin. NTC resistors fulfil these requirements, and are available as IO k!2 devices with 1% tolerance at 25 "C with 4 % ARK-l. In 
RESULTS FROM THE PRESEm STUDY
A. Studies of Healer InfeeuEoek Hysteresis
The I-Box comparator chmnel's, are equipped with hysteresis. A fixed resistor network defirm the had-wired switching temperatures. In this study, the in;reolock signal ("POWER DISABLE') is nominally set at 0.2"C andl nese@ ("POWER RE-ENABLE') at -03°C.
To simulate the behaviour of the final power supplies in the present tests, relays were put between the power supplies and the dummy modules ( Figure 5 ). The I-Box channels controlled these relays. Starting from stable running conditions of the cooling system a coolant run-out condition was provoked. The interlock transition temperatures of all channels were recorded, and found to be centred on the nominal values within an error band of 2 1 .0 K, including effects of the I-Box electronics and NTC resistance. The sensors used were chosen at random, as is foreseen for the final experiment.
B. Studies of Fluid Flow Proportiotialirj
The mass flow of coolant each circuit will be individually tuned via feedback according to the circuit load variation, using pressure regulators in the liquid supply lines. We havc studied the performance of the circulator and the temperature distribution on powered silicon modules under steady state, partial-load, interlock-trip, start-up and shutdown condr tions using two methods of proportional fluid control.
I ) I-Box Bit Counting.
In the first study, the number of powered modules was counted via I-Box bits asserted, and the flow varied according to a protocol;
The driving pressure, P,Ap,LLA,y is set by the WAGO DAC output acting through the E2P driver to the dome loaded 
where m' is the pressure/power conversion constant (mbarW. I). This protocol is however dependent on continuous access to the monitored voltages and currents on several power supply rails per silicon detector module.
2) Direct PID control of Fluid Flow.
Direct PID control of circuit flow on the basis of sensed exhaust temperature has proved an effective means of control. In a first study, a commercial PID controller"' directly piloted the E2P driver. In a second study, a PID algorithm was implemented directly in a microcontroller chip"of the same family as that used" for system programming and monitor functions in the recently-developed "Embedded-LMB" (E-LMB) [8] , currently under test. In a third study, PID control "' Model G9FTE-R*EIR-88-N: Mfr: RKC Instrument CO, '' ATMEL ATmepl03 128k RlSC flash pcontrollrr 16-6 Kugahara 5-Chome Ohta-Ku, Tokyo, Japan programmed froiii C via GNU toolkit was implemented using the BridgeVIEW PID extension toolkit, using the WAGO DAC modules to pilot the E2P drivers.
In each case, it was possible to maintain the temperature at a point -50 cm downstream of the evaporation zone a significant margin (>IO"C) above the evaporation temperature, over the full range of circuit power: i.e. from one module powered to all modules powered.
Importantly also, in all cases, temperatures on powered modules stayed within allowable limits with a variation of -t 0.5"C during the transient (ramp-uplramp-down of varying numbers of modules on the cooling circuit). The right-hand plot of Figure 4 illustrates the variation of temperature on powered and un-powered modules following a partial shutdown of six modules, with flow reduced under PID control to accommodate only the remaining powered modules. The reduction in temperature of the un-powered modules toward the evaporation (tube) temperature is seen, while the powered modules remain roughly constant in temperature. In setting up the PID parameters, care was needed to ensure that the lower pressure limit was not less than PsL, during operation or PID auto-tuning. The results indicate that with proportional flow control, stability in temperature of remaining powered modules is achievable, and that a relatively simple insulation scheme will suffice to maintain the outer surface of the exhaust tubing above the local dew-point.
IV. FUTURE PLANS
A 6kW "demonstrator" recirculator with -25 parallel cooling circuits is currently under construction. Its capacity is equivalent to -1/8 of the barrel SCT and pixel detectors. The local control system will be modelled on the prototype hardware of this work, and will use ATLAS E-LMB DAQ, and the final ATLAS SCADA software. Table 1 shows the numbers of cooling circuits, their individual power, and the number of flow and boiling pressure regulators required. The circuit count and total'power resembles that of the full ATLAS SCT tracking layer 6. The high capacity hermetic piston compressorI3, its circuit flow and pressure control system represent a prototype for the first such installation at an assembly site for the ATLAS SCT and pixel detectors. In the final ATLAS installation, a total of seven such systems will be required. Several will be deployed at assembly sites before integration at CERN.
v. REFRIGERANT IRRADIATION STUDY
I ) Effects of Neutron Irradiation
Small, static liquid samples of perfluoro-n-hexane (C6FI4) were irradiated up to 3x10" fast neutrons.cm-:! to simulate the expected environment at LHC. C6Fl, was chosen for its l 3 Haug QTOGV125LM: 80m'hr.' C,F, vapor; P,n(,ru,) 1 Pixel disld6
. .
been successfully demonstrated. During transient conditions, powered modules remained stable in temperature, while the cxhaust tubing of the evaporative cooling circuits could be stably maintained a significant margin above the C3Fs evaporation temperature, (at a higher temperature than 'possible in a liquid cooling system), simplifying the insulation in the final ATLAS installation.
Thc use of pcontrollcr-based PID algorithms for flow control is particularly interesting, and offers the possibility of implementation of either smart (PID) DACs or "transparent" DACs in the new ATLAS DCS embedded local monitor board. Irradiation studies have indicated that generic saturated fluorocarbon refrigerants of the form (CnF(2n+29 are suited to the ATLAS application provided hydrogen donor impurities are kept at a low level using standard purification procedures.
(for an assumed instantaneous rate of 106 n.cm-2s-l) an activity level for 18F in the range 104-105 Bq.g-] during C,F, circulation. This is believed to be acceptable in a closed circuit system.
2) Radiation-Induced Chemical Modifications
Small, static liquid samples of C,F,, were exposed to 6oC y irradiation. After an absorbed dose of 3 Mrad, about 1% by weight of C6F,4 liquid had been radio-chemically modified: there was chemical evidence of the production of reactive HF, due to impurities containing O-H and C-H groups.
Water contamination can be eliminated by 3A molecular sieves added to the cooling circuit. However, since saturated fluorocarbons (CnFt2n+2$ are synthesized from alcane precursors, batch testing for residual H contamination (using the characteristic Fourier Transform Infra-Red signature of C-H bonds) is also advisable. Techniques for the catalytic removal of CnFxH(2n-x) contamination were developed [9] for the DELPHI RICH detector, where high fluid purity is needed for good UV transparency: similar techniques can be used in the present application.
Scanning electron microscopy and Auger electron spectroscopy identified C, F and 0-containing polymeric film deposits foimed on stainless steel and aluminum samples immersed in liquid C6Fi4 during irradiation. After 6Mrad, surfaces were almost uniformly covered to a depth of -0.4
pm. Degradation and plate-out were greater in a sample of C6F,, to which 3% (vol.) n-heptane had been added to act as a H-source.
